INTRODUCTION
The establishment of ponds, lakes or wetlands for the purpose of nutrient removal has become a commonly used management tool internationally (e.g. Grant et al., 2006; Mitsch and Day, 2006; Moreno et al., 2007) . The Danish Aquatic Environment Plan II from 1998 supports formation of lakes and wetlands in catchments that receive high nitrogen loads and discharge into vulnerable lakes, fjords and coastal waters (Hoffmann and Baattrup-Pedersen, 2007) . This approach is considered cost effective and supportive of the demands imposed by the European Water Framework Directive (European Commission, 2000) , which requires all waterbodies to achieve an ecologically good status. Other desirable effects of the development of artificial lakes include recreational opportunities and the potential for new habitats for rare or endangered species. So far, more than 10 000 ha of wetland area have been re-established in Denmark (Windolf et al., 2016) . Recently, the Ministry of Environment and Food agreed to continue the plans in 2016 and to establish another 1200 ha of wetlands and lakes, co-financed with the European Union (governmental notice, J.nr. NST-4259-00052, 1 December 2015; http://naturstyrelsen.dk/media/188924/bilag-1-fordelingn-og-p-endelig.pdf). Little attention has been paid to the possible effects of the establishment of artificial lakes or wetlands on fish populations in the connected rivers, streams and brooks, despite it being stated in a governmental notice that the local fauna and flora should benefit from the establishment of these new lakes (governmental order no. 966, 16 December 1998 ; https://www.retsinformation.dk/forms/ R0710.aspx?id=12115).
Anadromous salmonid populations seem to be severely affected by impounded waterbodies. Smolts face increased mortalities during their seaward migration, mainly due to unknown environments and predation. Mortality is typically high when they are subjected to anthropogenic impoundments like reservoirs, weirs, water abstraction sites or artificial lakes (Aarestrup and Koed, 2003; Gauld et al., 2013; Jepsen et al., 1998; Thorstad et al., 2012) . Few peer reviewed studies have focused on the behaviour and mortality of Atlantic salmon (Salmo salar L.) and brown trout (Salmo trutta L.) smolts during their passage of lakes or ponds. Rasmussen et al. (1996) reported a loss of 77.6% of domesticated brown trout smolts tagged with panjet markers during their passage of the small artificial lake (Lake Bygholm). Furthermore, the authors found a loss of 86.8% of stocked brown trout smolts at the outlet of the hydropower lake Vestbirk. A loss of approximately 90%, mostly caused by increased pike and bird predation, was observed in hatchery reared Atlantic salmon and wild brown trout passing through the Tange Reservoir (Aarestrup et al., 1999; Jepsen et al., 1998) . Olsson et al. (2001) observed a mortality of 81.5% and 77% with considerable migration delays in a Passive Integrated Transponder (PIT) study monitoring brown trout smolts traversing an artificial pond.
Brown trout is a species of high economic and cultural value related to recreational and commercial fisheries. Further, it serves as an indicator species in the assessment of the ecological status of rivers in Denmark. In this long-term study, we investigated the seaward migration of brown trout smolts during spring before (2005 and 2006) and after (2007 and 2009-2015) the development of Egå Engsø, an artificial lake developed in a small Danish lowland stream. Radio, acoustic, and PIT telemetries were used to investigate the effects on survival and behaviour of migrating smolts. To our knowledge, it is the first study that provides telemetry data on the downstream migration before and after the development of an artificial lake.
METHODS

Study area
Egå Engsø is an artificial lake which was established in October 2006, north of the city Aarhus in Denmark (56°13′N, 10°13′E, Figure 1 ). Artificial drainage originally led to land subsidence of the area. By stopping the drainage and by building a low weir in the eastern end of the area, a shallow lake with a mean depth of 0.8 m and a surface area of 1.12 km 2 emerged. The feeding river, Egå, starts approximately 10 km upstream of Egå Engsø in Lake Geding and drains into Aarhus Bight 4.1 km downstream of the lake. The annual mean discharge of Egå into the lake is 0.52 m 3 s À1 and lake retention time was 20 days in 2014.
Studies before the establishment of the lake (2005 and 2006) Radio telemetry (2005) . In spring 2005, 40 wild brown trout smolts [mean fork length (FL) = 171 mm] were caught in a trap in the neighbouring River Lille Å, approximately 30 km away from the study site. Tagging was conducted on April 18 and 21 by using radio transmitters (Model F1420, Advanced Telemetry Systems, USA; dimensions: 16 mm length, 8 mm width, 7 mm height; weight: 1.3 g in air, guaranteed lifetime: 20 days). Tagging surgeries were performed following the protocol given by Koed et al. (2006) , using non-absorbable suture (Ethilon 4-0 monofilament nylon, Ethicon, USA) and benzocaine (20 mg L À1 ) as anaesthetic. Once recovered, the fish were released 350 m upstream of the inlet of the planned lake. Two stationary data loggers (Model D5041, Advanced Telemetry Systems, USA) connected to 9-element Yagi antennas were installed at the planned outlet ( Figure 1 ). Manual tracking was performed every second day between April 19 and 29 and additionally on May 9 and 17 by using a radio tracking receiver (Model R2100, Advanced Telemetry Systems, USA). On April 27, electrofishing was carried out to investigate the fate of transmitters that remained stable in their position for several days.
Acoustic telemetry (2006) . In spring 2006, 30 wild brown trout smolts (mean FL = 170 mm) were caught in a trap in the river Lille Å (as in 2005). On 4 and 9 May 2006, 5 and 25 smolts were tagged with acoustic radio transmitters respectively (Model V7-2L, Vemco, Canada; 8 mm diameter, 20 mm length, weight 1.6 g in air, guaranteed lifetime: 99 days). Anaesthetization, surgery and release were performed as in 2005 but without piercing through the body wall, as acoustic tags do not have an antenna. To monitor fish movements in the area, four automatic listening stations (ALSs, Model VR2, Vemco, Canada) were set up in the river: two upstream and two downstream of the planned lake ( Figure 1 ). All stations operated continuously during the study period. Manual tracking was performed on May 12, 15, 18, and 30 and on June 6 by using an acoustic tracking receiver (Model VR60, Vemco, Canada).
Studies after the establishment of the lake (2007 and 2009-2015) Acoustic telemetry (2007) . In spring 2007, fish were caught in a trap in the River Lille Å, as in previous years. On April 13, 30 wild brown trout smolts (mean FL = 167 mm) were tagged with Vemco V7-2L acoustic transmitters, following the procedure from the previous year. Four ALSs (Vemco VR2) were installed at the same positions as in 2006.
Manual tracking was performed on April 20 and 25, on May 14, on June 12 and on June 6 by using the VR60 acoustic receiver.
Passive Integrated Transponder telemetry (2009) (2010) (2011) (2012) (2013) (2014) (2015) . Every spring, starting in 2009, wild brown trout were caught by electrofishing between mid-February and early March in an approximately 5.5 km long river stretch upstream of the inlet to a sand trap close to Lake Geding and in the tributary Koldkaer baek from the point of confluence and 500 m upstream ( Figure 1) . Electrofishing was carried out by using 500 V pulsed direct current, produced by a 2000 W generator (EU 20i, Honda, Japan). Fish with a FL of at least 110 mm were anaesthetized by using benzocaine (20 mg L À1 ) until operculum movement slowed significantly (4-5 min). FL (AE1 mm) and weight (AE0.1 g) were measured. PIT tags (type RI-TRP-RRHP, Texas Instruments, USA; half duplex, 134 kHz, length 23 mm, diameter 3.85 mm, weight 0.6 g in air) were implanted into the peritoneal body cavity through a 3 to 4mm-long ventrolateral incision located anterior of the pelvic fins on the left side of the body. Time for measuring, weighing and tagging was less than 20 s per fish. Fish were recovered (i.e. full equilibrium) and released at the site of capture. A total of 5283 wild brown trout were PIT tagged (Table I) .
Two arrays of paired swim-through PIT antennas covering the entire streambed were installed at the inlet and outlet (300 m upstream and 20 m downstream of the lake). These antennas generate a radio-frequency electromagnetic field that empowers the circuit of a PIT once in the detection range of approximately 50 cm. The PIT successively sends a unique identification number to an ALS that stores the registration with the date and time. A cycle of 50/50 ms charging/listening time results in a rate of 10 scans per second. Efficiency of the upstream PIT antenna array was calculated based on the total number of individual downstream registrations and missed upstream registrations per year (Table II) .
Water level data in the study area were provided from two stations in 15-min intervals: 250 m upstream of the inlet and 150 m downstream of the outlet. Discharge at the inlet was calculated by using a QH curve: Q = 0.36 * (H[cm] À 21.2) 2.2 . (Bregnballe and Therkildsen 2014) was scanned in 2013. Additionally, two small islands located in the lake and the surrounding area of the lakes' inlet and outlet were scanned in early 2016.
Handling of data and statistical analysis
Passage time. Passage time was calculated in all studies as the time difference between the first downstream registration and the latest previous upstream registration.
Selection of data. To evaluate the passage success during the spring smolt run, a subset of the initial group of 5283 PIT-tagged fish was created for further analysis. Therefore, only individuals that had a registration at one of the upstream antennas within the period from mid-February to the end of May (day of year 50 and 150) and a possible downstream registration earlier than mid-July (day of year 200) were included in the analysis. Additionally, only fish with a FL less than or equal to 250 mm were selected, as smolt size usually does not exceed this limit in this latitude and larger individuals most likely were resident brown trout. Fish that registered in another year than the year of tagging were excluded (N = 16) due to differences in their lengths and weights compared with the year of tagging. Further, fish that moved through the lake with a speed exceeding two body lengths per second (N = 5) were excluded because of possible erroneous registrations or predation. The resulting dataset consisted of 3240 fish.
Probability of passage. Preliminary graphical analysis of the PIT data indicated nonlinear patterns in the relationship between probability of a successful (i.e. downstream registration) passage and environmental parameters. Therefore, data were analysed by applying a binomial generalized additive model (GAM). Covariates were tested for outliers and collinearity following Zuur et al. (2010) . Due to missing temperature data from 2013 and in the period from 5 March to 4 April 2012, fish registered in this period were excluded from the analysis (N = 465 and 34 respectively). Observations connected to extreme discharge levels (3-day moving average > 0.63 m 3 s À1 ) were omitted from the analysis because they do not reflect the regular conditions of the system (N = 135). Fish with a Fulton condition factor below 0.815 and above 1.12 were discarded to eliminate potential measurement errors (N = 27). Lastly, fish classified as resident brown trout based on their phenotype were omitted (N = 152). Covariates not included in the initial model due to collinearity were weight and Julian day of year. Water temperature and discharge at the inlet were used alternatively to the corresponding data at the outlet. Consequently, the following initial model was fitted to the remaining 2427 observations: Here, Survival i is the binary response of whether fish i passed the lake or not, α is the common intercept, and f i indicates smoothing terms. Smoothing parameters are estimated by using the unbiased risk estimator criterion (Wood, 2006) . To improve model fit, means and moving averages over different time intervals (1-6 days) were calculated for discharge and water temperature at the inlet and outlet. Based on the Akaike information criteria, the best values were the 4-day mean of water temperature and a moving average of discharge over 3 days, centred at the time of the first registration. Time of day is the number of seconds after midnight the fish entered the lake. Here, a cyclic penalized cubic regression spline was used to estimate a smoother, due to the circular nature of the data. Stage is a two-level factor indicating smoltification status Year is a factor differentiating between the single years of tagging. Parsimonious model selection was performed by stepwise single term elimination of nonsignificant terms (p > 0.05). Significance of model terms was tested by analysis of residual deviance from singleterm deletions according to Wood (2006) . Statistical analysis was performed in R version 3.3.1 (R Development Core Team, 2016) by using mgcv version 1.8-12 (Wood, 2011) . Fulton's condition factor is calculated according to Ricker (1975) .
RESULTS
Radio telemetry (2005)
All 40 tagged fish entered the area of the planned lake. No mortality was observed during the study period, but one smolt disappeared from the study area. Electrofishing showed that two smolts were eaten by pike downstream of the planned lake. One smolt moved upstream and probably desmoltified. Due to the experimental design (no upstream ALS), passage times could not be calculated in that year.
Acoustic telemetry (2006)
As in 2005, all tagged fish were registered in the study area and no mortality in the region of the future lake was observed. A single smolt was eaten by a pike downstream of the future lake, and another one left the study area upstream. Based on registrations at the ALS, a mean passage time of 0.42 AE 0.21 days was calculated as a reference for a later comparison. This value is based on 14 fish because the two upstream ALSs only registered 47% of the passing smolts, probably due to low efficiency during low water levels, whereas the downstream ALS registered all passing smolts.
Acoustic telemetry (2007)
Three of the 30 smolts left the study area upstream after an earlier registration in the lake. One transmitter was never detected by the ALS or by manual tracking and assumed to be defective. Eight of the remaining 26 (31%) smolts successfully passed the newly developed lake. Furthermore, another eight smolts were registered in the proximity of the outlet ALS (receiver range: 144 m) but did not leave the lake. Total smolt loss in the lake was 69% and mean passage time was 1.96 AE 2.58 days.
Passive Integrated Transponder telemetry (2009) (2010) (2011) (2012) (2013) (2014) (2015) Efficiency of the upstream PIT antenna array during the complete study period was 92.9%, ranging from 85.8% in 2015 and 100% in 2009 and 2014 (Table II) .
Migration success and final destination. Throughout the complete study period, 853 (26%) of the 3240 tagged individuals that entered Lake Egå Engsø were registered at the downstream antennas, indicating successful passage (Table I) . Migration success per year varied between 13% and 39%. Out of the 2387 non-exiting fish, 538 returned upstream and 1363 remained in the lake. Four hundred eighty-six fish registered only at one of the upstream antennas, revealing no information about their final destination.
Lake passage time. Mean passage time was 5.95 AE 7.2 days (median = 3.31 days). The yearly mean varied between 4.92 days in 2013 and 7.32 days in 2012 (Table I) .
Individual movement times varied between 1.55 h and 65.1 days.
Environmental variables. Mean discharge in the period between February 1 and July 1 varied from 0.260 to 0.491 m 3 between the years. Mean water temperatures in the same period varied from 7.6 to 11°C at the inlet and from 8.6 to 12.4°C at the outlet.
Manual scanning in bird colonies. In total, 111 PIT tags were found at the grey heron colony, while no PIT tags were found in the cormorant colony. During scanning in the proximity of the lake's inlet and outlet and on the islands in January 2016, 76 tags were registered, of which 72 were situated on the eastern island, which is a preferred resting area for great cormorants (Henning Larsen, Danish Ornithological Society, pers. communication).
Probability of passage.
Stepwise single-term elimination of non-significant terms (p > 0.05) resulted in the following model:
Model fit and 95% confidence intervals are presented in Figure 2 , where other covariates in the model are kept at their mean values. The GAM shows a complex pattern for water temperature and discharge. The highest probability of passage is reached at approximately 7°C. At higher temperatures, up to 11.8°C, the probability decreases to the minimum value of 20%. Beyond this temperature, it steadily increases again. However, observations below 5°C and above 14°C were rare, and confidence intervals indicate a higher uncertainty of the model in this temperature range. There is a trend of increasing probability of passage with increasing levels of discharge up to a value of approximately 520 L s À1 . When discharge surpasses this value, the probability of a successful passage decreases again. But due to the low number of observations at high discharge levels, the uncertainty of the model is higher there. Fulton condition factor is fitted as a linear effect: With increasing body condition, the probability of a successful passage lowers.
DISCUSSION
We evaluated the passage of juvenile brown trout smolts in a small Danish lowland river before (2005 and 2006) and after (2007 and 2009-2015) the development of a shallow lake by using radio, acoustic and PIT telemetries. Experimental fish for the studies in 2005-2007 were collected in a trap that was operating at that time in the neighbouring river Lille Å. Because this trap is located in the same latitude as the study area, no differences in smolt age, timing and behaviour were expected (L' Abee-Lund et al., 1989) . Additionally, we did not expect any considerable tagging effects given that previous studies have demonstrated minimal impacts on survival, growth, other physiological factors (e.g. plasma cortisol level, Na+ and K + -ATPase activity) and behaviour of salmonids Jepsen et al., 2008; Larsen et al., 2013; Ostrand et al., 2012; Wagner et al., 2011) .
Before the lake developed, the river stretch was a uniform, channelized 1.4 km long stretch running through an agricultural area, and no mortality of the seaward migrating smolts was observed. High survival was expected because the fish were not exposed to particularly high predation pressure for prolonged periods of time. Additionally, smolts traversed the area primarily during the night, circumventing exposure to diurnal predators.
After the lake was established, the survival decreased to an average of 26 AE 8% (SD) per year. Other radio telemetry studies conducted in Denmark (Aarestrup et al., 1999; Jepsen et al., 1998) showed that the main cause for mortality of salmonid smolts passing through lakes is predation by other fish species and birds. The top predator in these habitats is the Northern pike (Esox lucius). It is assumed that a large pike population has established in Lake Egå Engsø because it qualifies as an ideal habitat. However, no qualitative or quantitative survey about the fish fauna assemblage in the lake is available. Besides Northern pike, other fish species potentially preying on smolts in this system are perch (Perca fluviatilis), European eel (Anguilla anguilla) and larger brown trout. Bird predation may also play a role in the observed elevated mortality. The lake and its surrounding wet meadows attract a rich bird community, among which many species are capable of preying on smolts. These species include the great cormorant (P. carbo), grey heron (A. cinerea), great crested grebe (Podiceps cristatus), rednecked grebe (Podiceps grisegena), goosander (Mergus merganser) and red-breasted merganser (Mergus serrator). Quantifying bird predation based on PIT tag recovery gives limited estimates because different bird species use different and potentially unknown locations for excretion of PIT from predated smolts. The increased presence of predators, combined with vastly increased passage times, is likely at cause for the large increase in smolt mortality.
Passage time was calculated for every fish that exited the lake downstream. In 2006, the mean passage time for the stretch before the lake was developed was 0.42 days. This time increased to 5.9 days after the lake was developed. However, a direct comparison of these passage times should be made with care, as the 2006 data are based on only eight fish. Nevertheless, our data certainly indicate a major increase in the time needed to traverse the area. Previous research suggests that downstream movement of smolts is partly a passive displacement coupled with active orientation with currents to increase travelling speed in streams and rivers (Hansen et al., 1984; Moore et al., 1998) . A strong correlation between smolt travel time and water flow has been demonstrated (e.g. Aarestrup et al., 2002; Connor et al., 2003; Smith et al., 2002) . In the lake Egå Engsø, the main current at the inlet quickly fades and low wind-induced currents provide the main flow within the lake. This lack of a uniform current may play a role in increasing the time that fish need to negotiate the area.
The long water retention time and the shallow depth of the lake lead to higher temperatures in the lake during spring compared with the upstream river temperature. Increased temperatures are known to accelerate desmoltification, a reduction of gill Na+ and K + -ATPase activity leading to reduced osmoregulatory capability and therefore reduced tolerance for seawater and motivation to migrate (McCormick et al., 1999) . Other studies hypothesized that anthropogenic obstructions like dams or weirs that delay downstream migration lead to increased desmoltification if the fish do not reach seawater during the physiological smolt window (Aarestrup and Koed, 2003; Garcia De Leaniz, 2008) . A temperature-induced desmoltification might also explain why 538 smolts returned upstream.
Different temperature and flow regimes between years as well as varying predator abundances can presumably explain the between-year variation of successful passage ranging from a minimum of 13% in 2011 to a maximum of 39% in 2012. The environmental variables have a significant effect on the probability of a successful passage in the GAM and vary considerably between the years, although we did not quantify predator abundance. The GAM predicts optimal conditions of the environmental variables' water temperature and discharge with respect to successful passage. The smoothing function of water temperature shows the highest probability of successful passage at about 7°C. A potential underlying cause could be low success and attack rates of pike preying on smolts at low temperatures, as shown by Öhlund et al. (2015) . Further, an analysis of bird observation data obtained from the Danish Ornithological Society (dofbasen.dk) showed high abundances of goosander mainly until the beginning of April, when the 4-day mean of water temperature rarely surpassed 7°C. Goosander is known to prey on seaward migrating smolts (Harris et al., 2008) , and high abundances of these birds may additionally explain the relatively low probability of passage below 7°C. Occurrence of the other birds was more evenly distributed during the smolt run.
The smoothing term of discharge shows increasing probability of passage at high levels of discharge. Ceteris paribus, elevated discharge and thus lower retention time should reduce smolt passage time, and thus the time smolts are subjected to the increased predation pressure in the lake. However, our data do not demonstrate any association between passage time and discharge within the observed range.
The probability of a successful passage declines with increasing Fulton condition factor. Differences in migratory behaviour related to body condition or muscle lipid concentration were previously observed in other studies: Davidsen et al. (2014) found improved migration performance of hatchery smolts that were starved for 176 days prior to release. Increased propensity to migrate was found by Larsson et al. (2012) for hatchery smolts with lower muscle lipid concentrations, and Boel et al. (2014) observed higher condition factors in juvenile brown trout following a resident life history strategy. Our findings support the results of the aforementioned studies. It remains a subject to speculation in which way the body condition affects a successful lake passage. Higher condition factors are typically observed in fish that are not fully smoltified (Folmar and Dickhoff, 1980; Hoar, 1976) and potentially migrate slower compared with fully smoltified fish. However, there was no significant correlation between passage time and Fulton condition factor.
Generally, this elevated level of smolt mortality may not allow for self-sustaining salmonid populations or considerably reduce the anadromous part of the population, potentially shifting fitness in favour of a resident life history strategy. The establishment of artificial lakes, ponds and wetlands jeopardizes ongoing efforts to preserve and to protect salmonids. Passeport et al. (2013) advise against the construction of new reservoirs or artificial lakes for nitrogen management due to well-documented negative hydrological and ecological consequences. Given the ecological and economical values of anadromous brown trout, we strongly recommend the development of techniques to support better smolt passage in existing and planned artificial waterbodies.
